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Abstract 
Two and three dimensional Direct Numerical Simulations have been performed respectively to gain the insight of 
structure and instability of hydrogen-air impinging flames. Considering the effects of hydrogen-air chemistry, fluid 
convection and thermal conduction, a parametric study of buoyancy and disturbance has been studied. Results show 
that buoyancy is the prominent factor for flow instabilities associated with outer vortices, which dominate the flow 
field. The generation and propagation of a much thicker flame surface are shown in non-buoyant case. These results 
are prominent in two-dimensional simulations due to some assumptions. Besides, the inlet disturbance accounts for 
the formation of inner vortices, the asymmetric behavior of flame structure and the shear instability, as shown in 
detailed three-dimensional cases. It is easier to provide a better understanding by the combined approach, which can 
complement each other with their respective advantages in the identifications of flame structure and instability. 
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1.  Introduction 
Impinging jet flame has been extensively studied because of its importance in a wide range of application. 
Various experimental investigations have been performed to understand the near-wall combustion. The 
operating conditions including the oxidizer and fuel composition, flame equivalence ratio and firing rate, 
Reynolds number at the nozzle exit, burner type, nozzle diameter, and the location of the target with 
repect to the burner have been found to strongly influence the combustion process and heat transfer 
mechanism [1-2]. However, many possible combinations of fuel, oxidizer and equivalence ratios have 
been investigated seldom [3, 4]. For example, for flames normal to a plane surface, H2/air or CO/air 
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flames have been studied rarely due to the highly flammable and explosive property. Recently hydrogen 
combustion has gained great interest because of the current and future demand for individual mobility 
without the direct burning of fossil fuels and its applications in the aerospace domain. Therefore more 
investigations about hydrogen impinging jet flame were required for a thorough understanding of 
hydrogen combustion. 
Direct numerical simulation (DNS) has emerged as the most promising technical tool to simulate 
fundamentally turbulent combustion problems, in which all relevant scales were resolved that could be 
used to investigate complex scientific problems, and help model developments. Early attempts at DNS of 
combustion were made by extensive simplifications and solved the governing equations in one or two 
dimensional form [5-6]. However, it was necessary to consider full 3D simulations in order to capture 
essential flow characteristics. 3D DNS with detailed chemistry have become possible with the rapid 
growth in computational capabilities recently [7-8], but it was still not clear how the interaction of 2D or 
3D effects, buoyancy instability and shear instability would affect the flame dynamics. The objective of 
the study was to investigate the behavior of hydrogen impinging flame related to flame shapes and flame 
instabilities, and the 2D and 3D effects.  
2. Numerical implementation  
The physical problem is a gaseous hydrogen jet issuing into air and impinging on the wall. The 
configuration of hydrogen impinging reactant flow with domain dimensions of four jet nozzle diameters 
in the streamwise direction (Lx=4D) and twelve jet diameters in the cross-streamwise directions 
(Ly=Lz=12D) is simulated. All the initial conditions apply to both 2D and 3D DNS. The dimensionless 
form of governing equations are solved in 2D and 3D simulations. 3D simulations have been carried out 
using a parallel DNS code coupled with the flamelet generated manifold (FGM) chemistry tabulation [9] 
for hydrogen combustion. Details of the governing equations and flamelet generated manifold equations 
are reported in these literatures [10-11]. A large computational grid, with 147 million grid points, is 
required to resolve the hydrogen impinging flame in 3D simulations through the parallel computations of 
528 cores. While, 2D case is simplified to the axisymmetric case with a global, finite-rate reaction 2H2 + 
O2 ė 2H2O and 360 thousand grid points. Accordingly, some transport coefficients and thermal 
parameters are selected as a constant number. The spatial differentiation of equations is performed using a 
sixth-order accurate compact finite difference scheme for evaluation of the spatial derivatives in both 2D 
and 3D cases [12]. A third-order fully explicit compact-storage Runge-Kutta scheme [13] is used to 
advance the equations in time. The jet nozzle exit is taken as an inflow boundary, which is specified using 
the Navier-Stokes characteristic boundary conditions [14]. The non-slip wall boundary condition is 
applied at the solid wall, which is assumed to be at the ambient temperature and impermeable to mass.  
3. Results and discussions 
This section presents the effects of buoyancy and external perturbation on the hydrogen impinging flame 
in 2D and 3D DNS, respectively. Comparisons are made between a non-buoyant case and two buoyant 
cases shown in Table 1.  
case buoyancy inlet perturbation 
a Froude number= infinity 6% 
b Froude number = 1.0 0 
c Froude number = 1.0 6% 
Table 1. Three cases conducted in both 2D and 3D DNS 
Figure 1 shows the instantaneous 3D iso-surface (T=7) and 2D contour plot of flame temperature of case 
C at different time instants respectively. The considered iso-surface value is the non-dimensional flame 
temperature in FGM database, T= 7 which is equal to T=2050K. Typical flow features of impinging jets 
with the presence of both the primary jet stream and the wall jet are shown. It can be seen that the flow 
field of impinging jets can be divided into three characteristic regimes: the free jet region, the stagnation 
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region and the wall jet region. The contour plots of flame temperature at three time instants indicate that 
the impinging jet defects from the wall and then convects along the surface of the wall over time. 
   
a1 a2 a3 
Figure 1. 3D iso-surface (T=7) and 2D contour plot of flame temperature at different time instants 
Distributions of flame temperature of disturbed case A, C in 2D DNS (a1, c1) and 3D DNS (a2, c2) are 
demonstrated in Figure 2. The results exhibit significant differences between the non-buoyant and 
buoyant case. The flow field of non-buoyant case is predominately laminar-like without the formation of 
vortex. Due to the disappearance of natural convection in x direction, the primary jet flame isotropically 
propagates abroad. Therefore the flame shape has a wider distribution, compared with cases of buoyancy-
induced flow. For the buoyant case, it seems that vortical structures are formed in the outer side of 
primary jet stream, and they dominate the entrainment process and thus affect the flow structure. The 
buoyancy instability leads to form large vortical structures, which are convected by the momentum of the 
primary jet stream as well as by the momentum of secondary wall jet. The main reason for vorticity 
generation in the near-wall region is the external skin friction that acts on the thin layer of the fluid 
attached to the wall. The strong natural convection induced by buoyancy and forced convection at the 
wall make the hot fuel blends well with ambient air. It can be seen that diffusion and mixing of oxygen 
and hydrogen make a great contribution to the formation of impinging jet flame characteristics. 
    
a1 c1 a2 c2 
Figure 2. Distribution of flame temperature of case A, C at t=10 in 2D and 3D DNS. 
     
a1 b1 a2 b2 c2 
Figure 3. Distribution of progress variable of case A, B, C at different time instants in 2D and 3D DNS 
Snapshots of the instantaneous progress variable obtained from 2D (a1, c1) and 3D (a2, b2, c2) DNS are 
shown in Figure 3. The progress variable is the most important representative variable to describe the 
progress of entire chemical reaction towards chemical equilibrium in non-premixed combustion. It is 
observed that the external perturbation plays an important role in the flow structure, which will affect the 
transport of scalars such as progress variable. The progress variable displays asymmetric vortical 
structures at the wall for the non-buoyant case due to the introduction of an asymmetric external 
disturbance. It is worth noting that the asymmetric behavior is formed at the inner side of impinging jet, 
and there is not much different from the outer side of flame structure due to the absence of buoyancy. The 
development of inner vortical structures arises as a consequence of the growth of inertial shear instability, 
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and the inlet perturbations trigger the instabilities of inner structures. Besides, it is found that the 
undisturbed buoyant case shows perfectly symmetric behavior. The shear instability manifested as the 
asymmetric vortical structures is neglected by the effect of 2D assumption. More realistic calculated 
quantities are obtained by 3D cases coupling with detail FGM chemistry mechanism. . 
4. Conclusions 
The effect of 2D assumption and the buoyancy-driven and perturbation-driven instabilities are studied in 
2D and 3D DNS. The generation of a much thicker flame in non-buoyant case suggests that diffusion is 
essential to the formation of flame structure. The bulging and squeezing of buoyant flame surfaces are 
visible. These results are prominent in 2D simulations due to some assumptions, which can isolate the 
buoyancy effects and eliminate other possibilities. 2D effects can easily focus on specific factor and gain 
the corresponding effect, while 3D effects based on detailed chemical kinetics show the details of 
impinging flames accurately for its high fidelity. The inlet disturbance accounts for the formation of inner 
vortices, the asymmetric behavior of flame structure and the shear instability. The asymmetric behavior, 
which is covered up by the effect of axisymmetric assumption in 2D DNS, is apparent in 3D DNS. From 
the economical viewpoint, the adoption of 2D simulations is an attractive alternative as means to reduce 
the computational cost. However, the real combustion and turbulent flows are three dimensional, and the 
accurate predictions are of particular interests in 3D simulations, although 3D cases of reactant flows are 
very time consuming. So the appropriate choice of 2D or 3D DNS can be decided in practical engineering 
applications as needed in specific issues.  
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